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In dendritic cells, macropinocytosis is downregulated
during maturation and antigen presentation. New
studies indicate a key role for Rho-family GTPases in
this regulation, but what these proteins are actually
doing remains a mystery.
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Endocytosis is essential for the presentation of antigens by
major histocompatibility complex (MHC) class II mol-
ecules. In antigen-presenting cells, macromolecular com-
plexes, including viruses, bacteria and even cells, must be
internalised by endocytosis and delivered to the
organelles of the endocytic pathway — early and late
endosomes and lysosomes. In these compartments, the
spoils are chopped up by acid hydrolases and selected
fragments are loaded onto MHC class II molecules, which
then migrate to the cell surface and display their booty to
CD4+ T cells. Dendritic cells are the most accomplished
of professional antigen-presenting cells and are crucial for
priming immune responses [1]. One of the features that
makes these cells particularly effective is their consider-
able capacity to acquire exogenous antigens through endo-
cytosis [2]. Moreover, this endocytic activity is controlled
to optimise antigen presentation: endocytosis is highly
efficient while antigens are being acquired but is down-
regulated when antigens are processed for presentation.
Two recent papers [3,4] have addressed the mechanism
through which endocytosis is controlled in dendritic cells.
Intriguingly, both studies point to new roles for the small
GTP-binding proteins Rac and Cdc42.
The endocytic capacity of dendritic cells is influenced by
their location and maturation state. Early in their lives,
dendritic cells are released from the bone marrow and
migrate to peripheral tissues, such as the skin and mucosal
surfaces, where they act as sentinels for the immune
system. These ‘immature’ dendritic cells (for example,
Langerhans cells) contain most of their MHC class II mol-
ecules in intracellular organelles and express little on the
cell surface. These cells can be seen to undergo intensive
endocytic activity when placed in culture. Much of this
endocytosis occurs through macropinocytosis, a form of
high-volume, non-specific endocytosis involving the
extension of membrane ruffles. These ruffles or lamellae
then fuse to form large vesicles (0.5–5 µm diameter and
equivalent in volume to 103–106 coated vesicles) that are
filled with extracellular medium (Figure 1). Ruffling
requires polymerisation and reorganisation of actin and in
many respects these events resemble those seen during
Fc-receptor-mediated phagocytosis of antibody-coated
targets [5]. Indeed macropinocytosis can be induced in
some cell types by activating receptor tyrosine kinases or
microinjecting activated small GTP-binding proteins [6].
A significant feature of immature dendritic cells is that
macropinocytosis appears to occur constitutively, provid-
ing the cells with the means to acquire large amounts of
potential antigens. In antigen-presenting cells at least,
macropinosomes fuse with endosomes and lysosomes to
acquire the hydrolytic enzymes and vacuolar H+–ATPases
that create the environment for degrading the captured
antigens. In immature dendritic cells, these late endocytic
compartments have been dubbed MIICs (MHC-class-II-
containing compartment). MIICs are rich in complexes
between MHC class II molecules and the invariant chain
chaperone, and in MHC class II associated molecules such
as the peptide-loading protein DM. It is in these
organelles that peptides are generated and loaded onto
MHC class II molecules that have been liberated from
their invariant chain [7].
Although immature dendritic cells have a considerable
capacity to acquire antigenic peptides, their ability to
present these peptides is only initiated when the cells
encounter an infection. Bacterial products such as lipo-
polysaccharide or inflammatory cytokines initiate a
process of maturation whereby the dendritic cells leave
the site of infection, enter the lymphatics and migrate to
draining lymph nodes. Having used their endocytic capac-
ity to acquire samples from the environment around the
site of infection, these maturing dendritic cells downregu-
late macropinocytosis, switch off synthesis of inhibitors of
lysosomal cathepsins, initiate processing of acquired anti-
gens and peptide loading onto MHC class II molecules,
and transport peptide–MHC class II complexes to the cell
surface [7]. In contrast to immature dendritic cells, mature
dendritic cells express virtually all of their MHC class II
molecules on the plasma membrane. Once at the lymph
nodes, the mature dendritic cells present peptide–MHC
class II complexes to T cells to initiate or reactivate
immune responses. 
The change in endocytic activity seen in dendritic cells is a
wonderful example of the way in which membrane trans-
port pathways can be used to optimise cell function: endo-
cytosis is maximal when the cells need to acquire antigen
and minimal when the antigens are processed and pre-
sented to T cells. The realisation that macropinocytosis is a
major activity in dendritic cells was a first step in under-
standing how endocytosis is regulated during maturation of
these cells. In the current papers [3,4], both groups show
that it is macropinocytosis and not, for example, clathrin-
mediated endocytosis that is switched off as the dendritic
cells mature. Given that macropinocytosis requires actin
polymerisation, the Rho-family GTPases (Rho, Rac and
Cdc42), which control actin cytoskeletal rearrangements,
were obvious candidates for regulators of this process [8].
Treatment of immature murine spleen-derived dendritic
cells [3] or bone-marrow-derived dendritic cells [4] with
toxin B (from Clostridium difficile), an inhibitor of all
members of the Rho family, completely blocked the
macropinocytic uptake of fluorescent fluid-phase markers. 
The involvement of specific Rho-family members was
subsequently dissected out by microinjection of dominant-
negative inhibitory versions of the different Rho GTPases
or microinjection of C3 transferase, a specific inhibitor of
Rho. Dominant-negative Rac1 blocked macropinocytosis
in the immature dendritic cells used by both groups. In
dendritic cells derived from bone marrow, but not those
from spleen, dominant-negative Cdc42 had a similar effect.
Significantly, in mature bone marrow dendritic cells, which
have downregulated macropinocytosis, microinjection of
activated Cdc42 stimulated high-volume pinocytosis indi-
cating that the machinery for macropinocytosis controlled
by Cdc42 remains intact after maturation. Garret et al. [4]
were also able to exploit the tricks of a microbial pathogen,
Salmonella typhimurium, to deliver a Cdc42/Rac1 guanine
nucleotide exchange factor (GEF), SopE, into mature den-
dritic cells. Cells treated with pathogenic bacteria were
able to reactivate macropinocytosis and internalise the
pathogen, whereas bacteria lacking a functional type III
secretion system, and therefore unable to deliver the GEF,
failed to activate macropinocytosis and invade mature den-
dritic cells. These results implicate both Cdc42 and Rac in
the regulation of macropinocytosis in dendritic cells and
strongly suggest that the shutdown in endocytosis seen
during maturation is caused by inactivation of Cdc42.
Importantly, Garret et al. [4] could show that the levels of
active (GTP-bound) Cdc42 were markedly reduced in
lysates from mature, compared with immature, bone-
marrow-derived dendritic cells.
Although these experiments point to a prominent role for
Cdc42, the story may not be quite so clear cut. West et al.
[3] failed to find any role for Cdc42 in the spleen-derived
cells, were unable to reactivate macropinocytosis in mature
cells with activated Rac and found little change in the levels
of GTP-bound Rac following maturation. Whether this sug-
gests that macropinocytosis may have different points of
control in dendritic cells derived from different sources is
unclear. Cross-talk between Cdc42 and Rac occurs in many
cells, such that activation of Cdc42 induces rapid and pro-
nounced activation of Rac. Whilst both Cdc42 and Rac are
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(a) Scanning electron micrograph of macrophage showing prominent
surface ruffles. These structures are believed to collapse back and
fuse with the plasma membrane to form macropinosomes. Micrograph
kindly provided by Nobukazu Araki (Department of Anatomy, Kagawa
Medical University, Kagawa 761-0793, Japan). Bar = 10 µm.
(b) Cartoon of macropinosome formation. Macropinocytosis requires
the formation of membrane ruffles that extend from the cell surface
(see (a)) and then fold over to form a fluid-filled vesicle. Vesicle
formation is dependent on fusion of the tip of the ruffle with the plasma
membrane. By analogy to other cellular or viral fusion reactions, the
fusion of ruffles is likely to be mediated by proteins. Fusion proteins
involved in osteoclast and giant cell formation are present on
monocytes. Nothing is currently known, however, of the fusion
reactions that seal macropinosomes and phagosomes, or how these
proteins are organised at the tip of the ruffle and/or the site where the
ruffles dock with the plasma membrane. 
clearly required, it does not seem that a simple Cdc42/Rac
cascade regulates macropinocytosis since injection of acti-
vated Rac alone is not sufficient to stimulate uptake [3] and
injection of activated Cdc42 plus dominant-negative Rac
still gives activation in mature cells [4]. It is likely therefore
that, in addition to activation of Rac, Cdc42 may control
macropinocytosis through additional pathways.
Previous studies in fibroblasts have shown that Rac regu-
lates the formation of lamellipodia or ruffles, while Cdc42
controls the formation of thin finger-like projections called
filopodia [9]. Significantly, both immature and mature
dendritic cells exhibit constitutive membrane-ruffling
activity and microinjection of immature dendritic cells
with dominant-negative forms of Rac or Cdc42 fails to
inhibit this ruffling activity. In fibroblasts, growth factors
such as platelet-derived growth factor and insulin can acti-
vate Rac via the lipid kinase phosphatidylinositol (PI)
3-kinase and induce lamella protrusion and membrane
ruffling. The constitutive ruffling exhibited by dendritic
cells is apparently different since it is independent of
PI3-kinase and Rac [3,10]. This might suggest that
members of the Rho family other than Rac1 regulate ruf-
fling in dendritic cells or that this ruffling activity is due to
constitutive activation of downstream targets of Rac. 
Although membrane ruffling is clearly a prerequisite for
macropinosome formation, it cannot be the whole story.
Additional activities are required to transform a ruffle into
a closed intracellular vesicle or macropinosome. A
macropinosome forms when surface protrusions fuse at
points of membrane–membrane contact and the fluid-
filled vesicle is then dragged into the cytoplasm of the cell
(Figure 1). Similar processes occur during phagocytosis
when engagement of Fc receptors by immunoglobulin-
coated targets triggers extension of pseudopods around a
particle that must eventually fuse to form the phagosome
[11]. This type of phagocytosis uses the same players that
are required for macropinocytosis — Cdc42, Rac and PI
3-kinase [5,11]. The fact that PI 3-kinase inhibitors and
dominant-negative Cdc42 and Rac fail to block ruffling in
immature dendritic cells, and that PI 3-kinase inhibitors
block the closure of forming phagosomes in macrophages,
may indicate a role for these proteins in the later steps of
vesicle formation. Swanson et al. [11] have suggested that
closure of the forming phagosome involves a ‘purse string’
type mechanism that pulls the aperture closed. These
workers have localised several forms of myosin to the
forming phagosome, including myosin IX that contains a
Rho–GTPase-activating protein (GAP) domain. In addi-
tion, a novel MyoM protein found in actin-containing
plasma membrane protrusions in Dictyostelium also con-
tains a Rho-family GEF domain [12]. 
Although a link to Rac and Cdc42 is not yet established,
proteins that regulate Rho-family members may be present
in the ruffles that form macropinosomes and phagosomes
and, together with Cdc42 and Rac, may have some role in
facilitating the reactions that lead to vesicle closure. Inter-
estingly, one recent report suggests that the adhesion and
sealing of membranes at cell–cell adherens junctions is
dependent upon filopodia that project into plasma mem-
brane pockets in a neighbouring cell [13]. The tips of
these filopodia are capped with E-cadherin. N-cadherin
and E-cadherin have been implicated in myoblast fusion
and osteoclast formation, respectively [14,15], and the
organisation of these proteins on the cell surface is regu-
lated by Rho-family proteins [16]. It is tempting to specu-
late that Cdc42 and Rac may be regulating the membrane
fusion events that seal the forming macropinosomes and
phagocytic vesicles. 
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